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Abstract
The ankle is a complex joint of the human body which is most often affected
by trauma. Osteoarthritis is a joint disease that can require surgical intervention
and when it affects the ankle there are two options to achieve pain relief. For
years ankle fusion has been the most common technique but it entails a huge
reduction of the ankle joint. This last decades the trending to total ankle
replacement (TAR) to deal with that disease has increased. However, the long-
term results are far away from the success of other joint replacements like the
knee or the hip.
The complexity of the ankle joint makes difficult to predict and to know
what causes the failure of the replacement. Therefore, a numerical model that
includes mainly the bones of the ankle joint and the prosthetic elements is
created. Then two different kind of prosthesis are compared using the same
model. Finally, in order to test how the ankle acts for a daily life movement,
another model performing a phase of the ascent of stairs cycle is created. This
last model guides the movement by the contraction of the triceps surae muscle.
Results show that the bone strain levels differ a lot depending on the geome-
try of the prosthesis tested being more recommendable the tibial implant that is
designed with an horizontal keel because it leads to a more uniform distribution
of the load. For all the simulations the tibia is the most affected bone and the
strain results surpass the limit established in some cases. For the climbing stairs
simulation none of the elements surpass the strain limits. Even so, the failure
of the TAR may not be only related to the deformation of the bone as there are
other non-prosthetic issues that can affect the success of it.
This is the first time that a musculoskeletal model of the ankle has been
developed in order to study a prosthetic joint. Even though improvements are
needed to make the model more complete and reliable it has been shown that
it is useful to obtain the behaviour of the joint and to assess different implant
designs.
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Chapter 1
Introduction
1.1 General description
The ankle is a hinged synovial joint located at the lower limb part of the body
which has an important role in the locomotive system. It has a unique anatom-
ical structure with several articulating joint surfaces and complex ligamentous
attachments. It is composed of three joints: the talocural or tibiotalar joint,
the subtalar or talocalcaneal joint, and the inferior tibiofibular joint. The joint
of interest for this study is the tibiotalar joint most of all.
The lower limb receives much trauma just from walking and carrying around
the weight of the body. In some cases, the ankle joint can support up to seven
times the body weight [Crevoisier X., 2006] and also large shear forces (80 %
of the body weight). All this forces need to be distributed over a surface of
around 10mm2 [Jackson & Singh, 2003]. Therefore, it is the joint of the human
body most often affected by trauma like sprains, tears or fractures. Conse-
quently, it is usual that this joint suffers from degenerative osteoarthritis or
arthritis which have a great impact on the patient’s daily life. Since severe
ankle arthritis is a most common disease that causes pain, swelling and loss of
function of the joint there have been performed some ways to diminish the pain.
Nowadays, when conservative treatments fail, there are two kinds of major sur-
gical procedures that can deal with the problem: arthrodesis and arthroplasty.
While arthrodesis has been a most common technique to relieve pain in the
ankle joint for years, nowadays arthroplasty or total ankle replacement (TAR)
is starting to overcome it. Ankle arthrodesis or fusion is a surgical procedure
which induces an ossification of the joint. It consists in making the fibula and
the tibia grow together with the talus (Figure 1.1). Thus it entails a reduction
of the joint movement. Furthermore, the increasing stress in the adjacent joints
of the foot leads to important irreversible effects like an early degeneration of
these articulations [Coester et al., 2001].
On the other hand, TAR is a quite recent technique. It consists of replacing
6
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Figure 1.1: Performed ankle arthrodesis
the damaged articular surfaces with prosthetic components. The first attempts
were performed in the 1970s. Nevertheless those were left aside due to its poor
outcome and posterior problems [Henricson et al., 2011]. After this, between
1980s and 1990s, the second generation implants appeared. Those kind of pros-
thesis are the ones used nowadays. A more detailed description of TAR can
be found later in this chapter. In comparison with the arthodesis, TAR allows
all the degrees of freedom the natural ankle joint had. This is the main reason
why patients are trending towards this choice. Even so, when this method does
not have success the only option is to perform a posterior salvage arthrodesis
[Doets & Zu¨rcher, 2010].
Figure 1.2: Performed total ankle replacement.
1.2 Ankle anatomy and kinetics
In this section there is a brief description of the anatomical parts of the ankle
joint and their contribution to the different movements that it can perform.
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1.2.1 Joints and bones
As it has been said before, the ankle joint is made up of three different articular
surfaces. Those joints are called: talocural or tibiotalar joint, subtalar or talo-
calcaneal joint, and the inferior tibiofibular joint. The two firsts are synovial
joints whereas the last one is a syndesmodial joint. The ends of the bones in
these joints are covered by articular cartilage. The ankle contains four bone
components: the tibia, the talus, the fibula and the calcaneus (Figure 1.3).
Figure 1.3: Joints and bones of the ankle
The tibiotalar joint connects the distal ends of the tibia and fibula in the
lower limb with the proximal end of the talus. The main function of this joint
is the up and down rolling movement in the sagittal plane (Figure 1.4). Those
movements are respectively called dorsiflexed or extended, when the foot is up-
wards, and plantar flexed or flexed when it is bent downwards (Figure 1.5).
Beneath this later joint there is the talocalcaneal joint which occurs at the
meeting point of the talus and the calcaneus. It allows the inversion and ev-
ersion of the foot ((Figure 1.6). The inferior tibiofibular joint is made by the
rough convex surface of the medial side of the distal end of the fibula and the
rough concave surface on the lateral side of the tibia. It is a slightly movable
articulation, the bones there are united by fibrous connective tissue that form
an interosseus membrane or ligament.
Mainly, the ankle is a mortise structure that contains de talus which is
articulated around the tibial plafond and the internal and external malleolus.
The centre of rotation of the ankle is movable, it changes its position as the
ankle is loaded or rotated moving itself in the frontal, sagittal and transverse
plane [Jackson & Singh, 2003] [Crevoisier X., 2006]. The result movement of
the ankle is a combintation of rotations in its three joints. Thus the ankle is not
a purely hinge joint. In conclusion, the ankle joint has six degrees of freedom,
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Figure 1.4: Planes of the body
Figure 1.5: Dorsiflexion and plantarflexion of the foot
three translations and three rotations. All the joints have some contribution
for all the kind of movements that the ankle can do, what happens is that its
contribution can be more or less greater. For example, the talocrural joint has
a greater contribution for the dorsiflexion/flexion while the subtalar joint has a
greater contribution to the inversion/eversion. Even so, both of this joints give
some support for the other movements [Vickerstaff et al., 2007].
1.2.2 Ligaments
The ligaments of the ankle have an important role to maintain its stability and
guide the movement. Thus, the ankle is bound by the deltoid ligament, the
Figure 1.6: Eversion (left) and inversion (right) of the foot
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anterior talofibular ligament, the posterior talofibular ligament and the calca-
neofibular ligament (Figure 1.7).
Figure 1.7: Ligaments of the exterior side of the ankle
The deltoid ligament is composed of several ligaments: Anterior Tibiotalar
Ligament, Tibiocalcaneal Ligament, Posterior Tibiotalar Ligament, and Tibion-
avicular Ligament. The function of those ligaments is to support the medial side
of the ankle. Its start is attached at the medial malleolus of the tibia and it
ends up in different places: sustentaculum tali o the calcaneus, calcaneonavicu-
lar ligament, the navicular tuberosity and to the medial surface of the talus.
The anterior talofibular ligament is a lateral ligament which links the anterior
margin of the fibular malleolus to the talus bone. It forbids the foot from sliding
forward.
The posterior talofibular ligament is also a lateral ligmanet. It links the
anterior part of the lateral malleolus to the back part of the talus bone. This
ligament, together with the anterior talofibular ligament support the lateral side
of the joint.
Finally, the calcaneofibular ligament is a lateral ligament that bounds the
apex of the lateral malleolus with the lateral surface of the calcaneus.
All the ligaments mentioned play an important role for the ankle stability,
but principally, the calcaneofibular and tibiocalcaneal ligaments guide ankle
motion whilst the other ligaments limit the range [Jackson & Singh, 2003].
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1.2.3 Muscles and tendons
There are many tendons and muscles interacting with the ankle and a lot more
if it is taken into consideration all the muscles acting when performing a specific
movement like gait or climbing stairs. Referring to the muscles that interact
directly with the ankle joint (Figure 1.8), their function can be consulted in the
Table 1.1 and there is a brief description in the following paragraphs.
Figure 1.8: Muscles of the shank: (1) Triceps Surae, (2, under 1) Tibialis poste-
rior, (3) Peroneus longus, (4) Peroneus brevis, (5) Tibialis anterior, (6) Peroneus
tertius
The triceps surae muscle is attached by the Achilles tendon to the rear part
of the calcaneum. It is made up by the muscles gastrocnemius and soleus whose
main function is the plantar flexion [Branthwaite et al., 2012] when it contracts
and the stabilization of the ankle in the sagittal plane.
Under the triceps surae muscles there is the tibialis posterior muscle. It
is attached by the tibialis posterior tendon which descends posterior to the
medial malleolus goes around it and divides into plantar, main and recurrent
components. The plantar portion is inserted in the bases of the metatarsals,
the cuneiforms and the cuboid. The main portion have the insertion into the
tuberosity of the navicular and the plantar face of the first cuneiforme. Finally,
the recurrent portion inserts into the talar shelf (or sustentacalum tali). The
main function of the tibialis posterior muscle and tendon is the stabilization of
the lower leg, produce inversion when it contracts and assist plantar flexion of
the foot.
Moving to the lateral exterior part of the leg there is the peroneus longus.
The tendon that attach it to the foot is the peroneus longus tendon which is a
long tendon that descends behind the lateral malleolus. Then it passes across
the lateral side of the calcaneus and the cuboid, it goes under the cuboid and
cross the sole of the foot obliquely to get an insertion to the lateral side of the
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base of the first metatarsal bone. The main function of this muscle is to produce
eversion and plantar flexion of the ankle.
Just under the peroneus longus there is the peroneus brevis which is shorter
and smaller. Its tendon, the peroneus brevis tendon, runs behind the peroneus
longus tendon until arriving to the calcaneus. Then, it runs on the lateral side
of the calcaneus to get an insertion into the tuberosity at the base of the fifth
metatarsal bone. This muscle acts in plantarflexion and eversion of the foot.
Finally, moving to the frontal part of the leg in the most external part
there is the tibialis anterior muscle. The tibialis anterior tendon runs down
to get inserted on the medial surface of the medial cuneiform and adjoining
part of base of the first metatarsal of the foot. This muscle is responsible for
dorsiflexing and inverting the foot.
The last muscle that is going to be described in this thesis is the anterior
peroneus tertius. It is also located in the anterior part of the leg. It is in-
serted into the foot by the peroneus tertius tendon that have its origin in the
dorsal surface of the base of the fifth metatarsal bone. It contributes with the
dorsiflexion and the eversion of the ankle.
Table 1.1: Function of the muscles
Muscle Main function Contribution function
Triceps surae Plantar flexion Ankle stabilization
Tibialis posterior Inversion Plantar flexion and leg stabilization
Peroneus longus Eversion Plantarflexion
Peroneus brevis Eversion Plantarflexion
Tibialis anterior Dorsiflexion Eversion
Peroneus tertius Dorsiflexion Eversion
1.2.4 Stair climbing
The ankle is essential to perform many actions like walking, stairs climbing,
squatting... Focusing on climbing stairs, it is a common activity of every day
life and it has been shown that stair ascent is the more demanding biomechanical
task [Costigan et al., 2002], so it should be taken into consideration when de-
signing prosthetic devices. All the joints of the lower limb play a role when climb-
ing stairs. There are some publications reporting the motion of the hip, knee
and ankle ([Andriacchi et al., 1980], [Costigan et al., 2002], [Riener et al., 2002]
and [Protopapadaki et al., 2007]).
It is mainly a movement involving dorsiflexion and plantarflexion but there is
also a little bit of eversion and inversion. For that reason, the muscles described
anteriorly which have the function of dorsiflexion and plantarflexion have a
high contribution to this movement. Focusing on one leg the movement can
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be divided into two parts. The first part is when the foot is in contact with
the floor named stance phase and the second part is named swing phase. The
stance phase starts with the first contact of the foot with the stair and ends
in the moment where it loses contact, where the foot is in a tiptoeing position.
During the swing phase the other leg is supporting the body weight while in the
stance phase the distribution of load changes continuously.
1.3 Total ankle replacement
Total ankle replacement is a surgical technique to treat with ankle arthritis.
The main idea of this operation is to replace the damaged surfaces of the joint
introducing an implant between the tibia and the talus to achieve pain relief
and improve the range of motion of the ankle. Ankle replacement was first at-
tempted in the 1970s by Lord and Marotte. The first generation of TARs were
generally cemented two component designs made by a polyethylene part and a
metal part which was usually made of cobalt chrome alloys. The polyethylene
part was mostly placed in the tibia and the metal part in the talus but there
also existed some prosthesis that reversed it. The fixation were secured using
a cemented fixation [Vickerstaff et al., 2007]. The success for these prosthesis
was unsatisfactory so after those unsuccessful results arthrodesis was the recom-
mended method to deal with ankle arthritis. The major complications reported
included superficial wound healing problems, talar collapse, pain and loosening
of the components.
After this first attempt, investigation went on and between the eighties and
nineties new designs appeared. Those designs had a better replication of the nat-
ural anatomy of the ankle and tried to reproduce the joint kinematics, ligament
stability and mechanical alignment (Figure 1.9). Even so, TAR was still seen as
an inferior procedure compared to ankle arthrodesis but the new designs car-
ried a major improvement so the interest of the orthopaedic community for this
method increased. Most of the second generation ankle replacements use a three
part model with a mobile bearing element. Almost all these modern prosthesis
are cementless and encourages the growth of the bone onto the implant. In the
models mentioned in [Vickerstaff et al., 2007] there was an improvement in the
range of motion in the sagittal plane. There has also been carried on studies re-
porting in vivo fluoroscopic analysis of people wearing prosthetic component like
[Cenni et al., 2012] who conclude that with this kind of implants physiological
motion could be achieved. Nowadays the prostheses trend to the basic design
which is to use the three part mobile bearing system [Jackson & Singh, 2003]
different models can be seen in Figure 1.9.
TAR with the mobile-bearing design has been used for more than ten years
now. Several articles resume the success it over the years. The outcome of
TAR is subject to factors like pain, functionality, revision and implant survival.
Recent studies based on modern three-component prosthesis show a five-year
survival rate between 81% and 96% [Mann et al., 2011],[Stengel et al., 2005].
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(a) STAR (b) Mobility (c) Salto
Figure 1.9: Three part mobile bearing prosthesis
While the survival rate for a ten-year prosthesis fell to 69% in some studies
with a 22% index of revision [Henricson et al., 2011]. The complications of
TAR requiring revision surgery can either be caused by the prosthetic compo-
nents or by non prosthetic related problems that in the end made the prosthesis
fail. If there is a nonprosthetic-related reason for the failure, the prosthesis has
to be replaced after correcting the nonprosthetic-related conditions that caused
the prosthesis to fail. TAR failures include the following reasons: stiffness,
periprosthetic ossification and malleolar impingement, medial or lateral hind-
foot instability, loosening and/or subsidence of the components and infections
[Besse et al., 2011].
1.4 Ankle modeling
There are different studies reporting the kinematics and dynamics of the ankle.
Most of the studies that focus on a particular movement get the data from the
record of a camera tracking reflective markers that have been attached to partic-
ular spots on the body. With this technique there has been obtained, for exam-
ple the behaviour of human gait ([Bruening et al., 2012], [Dixon et al., 2012],
[Jenkyn & Nicol, 2007]) and of stairs climbing ([Andriacchi et al., 1980],
[D.Beaulieu et al., 2008], [Protopapadaki et al., 2007]). Moreover, other in vivo
and in vitro studies has been developed to get the strain of the ankle ligaments
([De Asla et al., 2009], [Stagni et al., 2004]).
There have also been performed numerical models of the ankle joint.
[Spyrou & Aravas, 2012] made a muscle activated model of the human foot that
simulated plantar flexion. They achieved to create an anatomically detailed
three-dimensional model including the bones, muscles, tendons and cartilages
whose foot movement was entirely performed by the plantar flexor muscles.
With this model they predicted the stress and strain distribution of the Achilles
tendon and the contracted muscles.
Other authors ([Reggiani et al., 2006], [Leardini & Moschella, 2002]) created
models to get results of the prosthetic elements where only ligaments and the
implants where included. Those studies were more focused on studying the
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TAR designs. Previously to this models they validated a mechanical model of
the ankle ligament apparatus. With the finite element models obtained they
observed the overall kinematics, contact pressures and ligament forces during
passive movement of the ankle and stance phase of gait. They found that the
movement achieved with the prosthetic parts were in agreement with the natu-
ral movement of the healthy ankle and that the reaction forces for the ligaments
where within the corresponding physiological ranges. Even so, some peak pres-
sures were observed in the contact of the prosthetic parts.
Finally, [Espinosa et al., 2010] performed a numerical model including only
the prosthetic components to study pressure distributions on it. Their objective
was to found why there is a premature failure of the polyethylene component.
The hypothesis was that there could be deviations and misalignments when
placing the components. Thus, they created finite element models of total an-
kle replacements prostheses and performed different possible misalignments to
obtain the average and peak pressures on the prosthetic parts. They concluded
that a proper positioning is required to have higher success, even so it was found
out that three-component designs were less sensitive to misalignment whereas
the influence on two-components designs was devastating.
There are also former projects in the LBO focused on the ankle after TAR
surgery. In those projects ([Parvex, 2012], [Massaras, 2012]) numerical models
that included three-component prosthesis and the tibia were created. Also an
experimental study measuring the bone strain on a cadaveric tibia wearing an
implant was done ([Guerdat, 2012]).
1.5 Aim of the project
The low success of TAR compared to other articulation replacements shows
that there is still a long way of investigation to be done. For that reason a finite
element model of a prosthetic ankle joint was performed in order to help to the
understanding of this premature failure. The aim of this project was to develop
a finite element model of the ankle with a three-part prosthesis to understand
the behaviour of the joint from a mechanical point of view. The model should
include the main affected bones which are the talus and the tibia and also the
prosthesis.
To achieve this objective the project has been divided in two main parts.
The goal of the first part is to compare the effect caused by two different types
of prosthesis. For that, a static model of the ankle joint containing the tibia, the
talus and the three-component implant is submitted under the action of a pure
axial load equivalent to the maximal load during gait. In the second part of the
project, the purpose is to simulate a fraction of the stairs ascent movement. In
this case the same elements as the ones in the first part are included and the
rest of the lower limb is simulated with rigid wires. The movement is activates
by a connector simulating the triceps surae muscle.
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From the numerical model, mechanical magnitudes were obtained. To assess
the success of the TAR the parameter used in this case was the strain of the
bone. Then the deformation that the bone was suffering was the limiting criteria
to accept or reject the convenience of TAR.
Chapter 2
Methods
This project is the continuation of two earlier projects done by students in the
Laboratory of Biomechanical Orthopaedics in the EPFL.
Most of the procedures followed to obtain the models mentioned earlier are
the same. Nevertheless there are some particular aspects affecting a singular
model. For that reason, firstly an overview of the main aspects of the methodol-
ogy is explained and then a more accurate section is focused on those particular
aspects.
2.1 Geometric reconstruction
To get the bonny parts of the model different programs were used. In the
following sections it is explained how the natural shape of the bone is obtained.
2.1.1 CT images
All the geometric parts of the bony elements of the model where extracted from
Computer tomography (CT) imaging (Figure 2.1). CT is a medical imaging
technique that produces cross-sectional slices of specific areas of the body. The
X-ray slice data is generated using a X-ray source that rotates around the object.
Once the scan data has been acquired, the data must be processed using a form
of tomographic reconstruction, which produces a series of cross-sectional images.
2.1.2 Segmentation and reconstruction of the bones
From the CT images the required bones were reconstructed using the software
Amira 5.4.2 (Visage Imaging GmbH, 92130 San Diego, United States of Amer-
ica). The result of this step was a bone geometry with a triangular meshing
imposed by Amira. To improve this geometry the parts were imported to Geo-
magic 12 (Geomagic GmbH, 27560 Morrisvile, United States of America). The
first action was to create a cloud of points. Then, the noise of the cloud of
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Figure 2.1: One of the slices of the CT-Scan images used
points was reduced and then converted into smooth triangular meshes. Then,
appropriate patch layout was performed so that it had a good characterization
of the geometry. Finally, the ultimate surface was created (Figure 2.2).
2.2 Virtual surgical operation
To position the prosthesis it was used the Amira 5.4.2 program. The tibial and
talar prosthetic components were imported into the program and superimposed
to the CT images of the patient (Figure 2.3). The size of the prosthetic compo-
nents were decided according to the talus and tibia anatomical shape. Then, a
specialized orthopaedic surgeon corrected and validated the position. To achieve
a correct position the talar implant was first introduced perpendicular to the
plane defined by the most external points of the lateral and medial malleolus.
Then, it was turned since it got a nice adaptation to the physical shape, it could
be determined passing the different CT images using de desired direction of the
plane. Afterwards, the tibial implant was included. To get an approach of the
position it was first situated 3mm from the bottom part of the plateau tibial
and it was inclined −7 ◦. At the end, the final position was adjusted manually
and under the surgeon supervision.
Next, significant points of the prosthetic elements were obtained so that it
could define the position of the implant in the same reference as the CT. After,
the bones that had to be cut and the prosthetic parts were imported into the
Solidworks (Solidworks, TriMechSolutions,LLC,Columbia,MD) program. With
the points gotten from Amira 5.4.2 the implant was correctly positioned . At
last, the bones were trimmed using the planes defined by the implants (Fig-
ure 2.4).
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(a) (b)
Figure 2.2: Bone geometry (not scaled) obtained from Amira 5.4.2 (a) and
Geomagic 12 (b)
2.3 Creation of a numerical model
Once the final geometry was obtained the program Abaqus was used to create
the finite element model. The parts were imported to the program and then
material properties and meshing elements were assigned. Later, depending on
which kind of analyse was to be performed the necessary boundary conditions,
interactions, constraints and loads were settled.
2.3.1 Meshing
A good mesh should be assigned so that it represents the geometry in a good
way and to get accurate results. Even so, as finest is the mesh the accuracy
of the model increases but the computational time grows so there should be a
compromise between both aspects; the results accuracy and the time spent for
the analysis. The parts that should be model have complicate geometries. For
this reason, quadratic tetrahedras were assigned in all the elements. The size of
the mesh was assigned depending on the part and the zone of the bone. Thus,
the bony parts in contact with the prosthetic elements had a finer mesh. In
order to be sure that the assigned mesh was correct a mesh sensitivity analysis
was performed to study the influence of the mesh size on the results. There is
a deeper explanation about the mesh dimension election in page 2.4.3.
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(a) (b)
Figure 2.3: Prosthetic parts positioning using CT images
Table 2.1: Material properties of the prosthetic elements
Material Young’s Modulus (MPa) Poisson’s ratio
Cobalt-Chrome alloy 2,1105 0.3
Polyethylene 900 0.3
2.3.2 Material properties
In the model carried in question, it is possible to involve three different types of
materials: bone, polyethylene and cobalt-chrome alloy. For the polyethylene and
the prosthetic material it was choose a constant value for the elastic properties
(see Table 2.1).
In order to represent inhomogeneous bone properties a Matlab script, that
has been developed in the LBO, was used to designate a bone density to each
node of the meshed part. The density was obtained according to the CT-Scan
hounsfield unit and making and average between all the points surrounding the
node. Then the Young modulus was assigned through an experimental law
([Keller, 1994]) to each node (Equation 2.1).
E = 10.5ρ2.57 (2.1)
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(a) (b)
Figure 2.4: Final bone geometry
2.4 Comparison between Salto and Mobility
This is the first part of the project that was performed. In previous works from
this laboratory only the tibia and the tibial prosthetic part were included. For
this model, a displacement equivalent to a 3000N reaction force is applied to
the tibia which represents the maximal reaction force during gait. This model
was performed with two different kind of prosthesis to see the influence of their
geometry to the bone deformation.
2.4.1 Geometric reconstruction
The CT-images used to get the bones geometry were from a patient who was
suffering from arthrodesis and who was going to be operated. In the previous
projects from the LBO the bony instances were already obtained from de CT-
images and treated with Amira and Geomagic [Parvex, 2012] [Massaras, 2012].
The bones were also trimmed for the Salto prosthesis but not for the Mobility.
Then the virtual surgery for the Mobility implant was performed according to
the surgical manual for it.
2.4.2 Prosthetic elements
Two kinds of prosthesis were used as it has been said before (Fig. 2.5). For
the Salto from Tornier it was possible to obtain a real CAD document. Even
so, the parts were quite touched up to get a easier geometry to reproduce with
Abaqus. On the other hand, the prosthetic parts for the Mobility implant were
drafted. The talar part was mostly the same as the Salto but with the difference
of the attachment on the bone, in the Salto the attachment is a cylinder while
in the Mobility it was changed for two shapes with an invert triangle section.
For the tibia implant there were used some pictures that showed an X-Ray foot
containing the part, the main dimensions were scaled to get a more realistic
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(a) Salto prosthesis model (b) Mobility prosthesis
model
Figure 2.5: Prosthetic elements used for the simulations.
implant. In spite of geometric irregularities for this kind of implant, the final
geometry obtained was close to the real one. Finally, the polyethylene part for
the mobility was modified so that it was less thicker, otherwise the prosthesis
would not fit in the tibia bone.
2.4.3 Numerical simulation
In this section there is a brief summary of the conditions and steps performed
to obtain the functional model.
Assembly of the components
The instances in the assembly were positioned in the neutral position of the
foot. It means that the foot was not flexed nor plantarflexed. First of all, the
prosthetic parts were inserted and the polyethylene part was aligned with the
central axis of the tibia implant (Figure 2.6). Two different methods were used
to place these parts because the geometry of the prosthesis are not the same.
On the one hand, for the Salto the axis was settled according to the middle
point of the keel and perpendicular to the flat surface (Figure 2.6a). On the
other hand, for the Mobility the axis passed through the centre of the bottom
circumference and was also perpendicular to the flat surface (Figure 2.6b). In
both cases, for the polyethylene the axis passed through the central point of its
upper surface and it was also perpendicular to this last surface.
Then, the axis of rotation of the polyethylene and of the talar instance were
obliged to be coincident (Fig. 2.7). Those axis of rotation are determined by
joining the centres of each of the “circumferences” defined by the geometry
of the superior surface of the talar component and the inferior surface of the
polyethylene.
After having placed the prosthesis the bones were moved to get in the correct
CHAPTER 2. METHODS 23
(a) (b)
Figure 2.6: Vertical axis defined for the Salto (a) and the Mobility (b) model.
(a) (b)
Figure 2.7: Axis of rotation defined for the geometry of the polyethylene and
the talar implant.
position to fit with the implants. The final assemblies are the ones shown in
Figures 2.8 2.9.
(a) Overview of the assembly (b) Sagital view
Figure 2.8: Assembly of the ankle wearing the Salto prosthetic model
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(a) Overview of the assembly (b) Vertical axis for the mo-
bility prosthesis model
Figure 2.9: Assembly of the ankle wearing the Mobility prosthetic model
Constraints
The constrains were to be the most similar between the two models. Tie con-
straints were settled among the model. They were established between the
metal prosthetic parts and the chopped bone surface and between the polyethy-
lene surface and the surfaces of the prosthetic parts. Then the reference point
for the tibia was tied to the upper surface of the tibia with a multiple point
constrain so that all the points of it follow the master point.
Steps of the simulation
The analysis was divided in two steps: Initial and ApplyLoad. During the Initial
step the boundary conditions were initialized and in the ApplyLoad step there
was induced a vertical movement to the tibia bone equivalent to a magnitude
of 3000N of reaction force.
Boundary conditions
The boundary conditions employed in this model had the objective of fixing the
talus and limiting the movement of the tibia. Therefore, an encastre condition
was applied to the surfaces that articulate the talus with the navicular bones
and the calcaneum. Then a point was placed on the vertical axis of the tibial
implant to become a reference point for the tibia bone. The distance offset from
the origin was 50mm. A vertical movement was applied during the second step
of the analysis and the other degrees of freedom were restricted (Figure 2.10).
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Figure 2.10: Constraints and boundary conditions applied. Tie constrains are
the purple and green lines, the multipoint constraint is represented by red lines
that concentrate into one point and the encastre is showed with short red lines.
Mesh
As it has been said before, a mesh sensitivity analysis was performed to study
the influence of mesh size on the results. To accept a mesh dimension the first
thing was to verify that there were not warnings due to a distortion of the
tetrahedra. Then depending on the zone a different seed per edge was applied
making it finer in the contact zones. To know that the mesh was enough finer
to get accurate results a control volume was settled for the Salto model around
the contact zone of the keel (see Figure 2.11).
Figure 2.11: Control Volume
Then different models with increasing number of elements were done and
convergence between the results was checked. The goal was to achieve a mesh
dimension where the results obtained converged in the zone of the control vol-
ume. The different meshes applied can be consulted in Table 2.2.
To check the convergence the mean octahedral shear strain of the volume
was calculated. First the octahedral shear strain for each node (Equation 2.2)
and then the mean depending on the integration point volume (Equation 2.3).
Finally the computational time should also be taken into consideration. Once
the mesh dimension was decided it was applied to the two models being the
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Table 2.2: Seeds per length considered in the different cases
Location Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6
Global seed 4,5 4,5 4,5 4,5 4,5 4,5
Local seed 4,5 3 2 1,8 1,5 1
(a) Salto model (b) Mobility model
Figure 2.12: Final meshes for the models Salto and Mobility
resultant mesh the one showed in the Figure 2.12 and their characteristics are
summed up in the Table2.3.
[h]γoct =
2
3
√
(ǫ1 − ǫ2)2 + (ǫ2 − ǫ3)2 + (ǫ3 − ǫ1)2 (2.2)
[h]γoct =
∑
n
i=1
γoctiIV OLi∑
n
i=1
IV OLi
(2.3)
Table 2.3: Number of nodes and elements for the mesh chose
Model Nodes Elements
Mobility 64028 41428
Salto 80003 52198
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2.5 Stairs ascent movement
In this second part the goal was to perform a stairs ascent movement with a
model of the ankle wearing the Salto prosthetic components. The same solids as
in the previous part were included, that means: the three-parts prosthesis, the
talus and a part of the tibia. Then the rest of the lower limb was sketched by
connectors. The forces applied referred to the body weight and the movement
was performed contracting the triceps surae muscle and making the knee rotate
depending on the rotation of the ankle.
2.5.1 Stair climbing movement
The movement taken into account is a phase of the stairs ascent cycle described
for [Protopapadaki et al., 2007]. Only the part where the foot was flat to the
floor was considered. Another important aspect was that the rotation of the knee
have to be function of the ankle rotation so that it was possible to represent
one angle depending on the other. For those reasons, referring to the study
done by [Protopapadaki et al., 2007], the starting point of the movement was
the 12.5% and the end point the 40% (Figure 2.13). The equation resultant
form the regression of Figure 2.14 relating both rotations , the knee rotation
(f(x)) function of the ankle rotation (x) was:
f(x) = −27, 092x3 − 10, 493x2 − 2, 0657x+ 0, 0526 (2.4)
Figure 2.13: Rotation of the ankle and the knee defined by
[Protopapadaki et al., 2007]
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Figure 2.14: Movement performed for the model. The equation obtained from
the regression line is 2.4.
2.5.2 Geometric reconstruction
To perform a reliable movement of the foot some anatomical points of the leg
were needed. It is for that reason that the CT-images used in the first part were
no longer appropriate. For this section the CT-images treated were taken from
a cadaverous leg and, unlike the first patient, this one was not suffering from
any kind of ankle disease. The scan was done in a non standard way and it
ended up giving some problems related with the correct neutral position of the
bones.
The anatomical point of the hip was determined to be the centre of the
spherical femur head and the knee point was approximatively the middle point
between the medial and lateral condyles. Secondly, the origin of the Triceps
Surae and the point of insertion of the Achilles tendon were locate in Amira
and imported. Finally, three reference points, one on the calcaneum and two
on the metatarsals, that were supposed to be touching the floor in a neutral
position of the foot were also imported.
2.5.3 Prosthetic elements
The virtual surgery was performed under the supervision of an expert surgeon.
The sizes chose where a number two for both implant parts, the tibial and the
talar. Then the thickness of the polyethylene was set to be a 5 type.
2.5.4 Numerical simulation
In this part only the final model and its conditions are explained.
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Assembly of the components
To build the model the parts were represented in different ways. On the one
hand the distal tibia and the talus were imported with the bone geometry, to
simplify the analysis only a part of the tibia was taken under consideration and
represented like a three dimensional solid. On the other hand the femur and
the proximal tibia were represented like rigid connectors and the triceps surae
like an axial connector. Then the centre of masses of the thigh and the shank
were calculated following the recommendations of [De Leva, 1996]. To sum up
the points representing the femur were the hip, knee, the thigh centre of masses
and triceps surae origin; for the proximal tibia there were the knee and shank
centre of masses; finally for the triceps surae there were the insertion and the
origin of the muscles.
All the parts of the model were placed to its initial position, 12.5% of the stair
climbing cycle. That means an ankle angle and a knee ankle with respect to the
vertical axis of 16.6 and 21.9 degrees respectively. To achieve this position first
the origin of the coordinate system of the model was settled to be the intersection
between the sagittal plane defined by the tibial implant and the axis of rotation
of the polyethylene. From there, the tibia, tibial implant and polyethylene were
rotated so that there was the angle desired between the vertical axis and the
line joining the origin and the knee point. Then the talar implant and the talus
were included making the rotation axis of the prosthetic parts coincident and
moving them until they have a flat position.
In the following Picture 2.15 RP is the origin of the model, Calcaneum and
Metacarpians are the points in the floor, SCM and TCM are the centre of masses
of the tibia and the femur respectively, TS is the origin of the triceps surae, TA
the insertion of it, H is the hip point and KA is the knee point. The global
reference system is designed so that the x axis is parallel to the floor plane and
belongs to the sagittal plane, the y axis is normal to the sagittal plane and
finally the z axis is normal to the floor plane.
Constraints
Multiple point constraints (MPC) were settled to link the bony instances with
the points of the body. Thus, a beam MPC was imposed between the upper
part of the distal tibia and the sigh centre of masses of the tibia connector
and two tie MPC were created between the talus and the points in the floor
(Fig 2.16). Also a kinematic constraint was established in the knee. The knee
point of the femur and the knee point of the tibia were located at the same
position. Then those points were restricted to have the same movement in the
space with the exception of the rotation in the sagittal plane, furthermore, this
rotation was controlled by the rotation of the ankle. Finally two tie constraints
were established between the talar implant and the talus and the tibial implant
and the polyethylene.
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Figure 2.15: Assembly overview of the whole model
Interactions
Two different interactions were defined for this model. First, an infinite friction
interaction was settled between the tibial implant and the tibia bone. The
main characteristics were: a rough friction formulation and that the separation
between the components was not allowed. The second interaction was a sliding
contact between the polyethylene and the talar implant. For that a frictionless,
penalty contact was created and in this case the separation was allowed.
Steps of the simulation
The simulation was divided in four steps. The firsts steps were preparatory in
order to initiate constraints, contacts and loads. The movement is performed
in the last step and it consists on a succession of static equilibrium states.
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Figure 2.16: MPC’s
1. In the Initial step the boundary conditions were initialized.
2. In step two Contact all the parts but the talus and the talar implant were
moved 0.15mm in the direction of the tibial implant vertical axis. It was
done to achieve contact between the polyethylene and the talar implant.
3. In step three Load the body, sigh and tigh weight were applied in their
correct points. The muscle was not allowed to contract nor extend and
the knee was fixed so that it could not rotate.
4. In the final step Movement a constant contraction velocity was settled
for the triceps surae muscle and the rotation of the knee was controlled
depending on the rotation of the ankle. To control it a user amplitude
with the equation of the movement was applied 2.4.
Boundary conditions
In the table 2.4 there is a summary of the boundary conditions and how they
change during the simulation. All the conditions displayed are the ones that
has been constrained meaning that they have been forbidden or that they have
to follow a displacement/velocity.
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Table 2.4: Boundary conditions of the system. The index 1, 2, 3 make reference
to the directions x, y, z respectively. “U” means translation, “R” means rotation
and “V” means velocity. The degrees of freedom displayed are the ones that are
constrained. If there is no value following the variable it means that the degree
of freedom is forbidden.
Geometry Initial Contact Load Movement
Global reference system
Calcaneum U → → →
Metacarpians U2, U3 → → →
TA R → U, R1, R3 →
Hip R → U1, U3 R2=f(ankle rotation)
Tibia connector reference
RP U1=-0.15
Muscle connector reference
Muscle V1 → V1=-2.8
2.5.5 Loads
All the loads were applied in the step Load. The resultant weight was considered
to be 80kg and it was distributed among the hip, the thigh and the shank centre
of masses. On the thigh a 14.16% of the weight was applied, on the shank a
4.33% ([De Leva, 1996])and all the rest was concentrated on the hip.
Mesh
The mesh dimension was similar to the one used in the previous model. The
contact zones had a finer mesh while in the other parts it was coarser.
Chapter 3
Results
3.1 Comparison between Salto and Mobility
3.1.1 Mesh convergence
The results for the different meshes are sum up in the Table 3.1. The evolution
of the octahedral shear strain can be observed in the Figure 3.1 and 3.2. It can
be clearly seen that the results start converging for the forth mesh essayed.
Table 3.1: Characteristics and results for the different meshes considered
Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6
N◦ nodes 53153 55887 63995 79517 95725 116517
N◦ elements 33297 35147 40560 51896 63323 76214
Time (s) 463.70 406.92 1489.5 2280.2 2298.6 2511.8
γoct 0.0913 0.0899 0.0918 0.0942 0.0939 0.0943
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(a) (b) (c)
(d) (e) (f)
Figure 3.1: Octahedral shear strain depending on the mesh being (a) the coarsest
mesh and (f) de finest mesh .
Figure 3.2: Octahedral shear strain mean depending on the number of elements
of the model.
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3.1.2 Strain
The most appropriate parameter to asses bone damage is the octahedral shear
strain. It is considered that bones can bear up to 1% of octahedral shear strain
whereas if it is higher than this value the deformation of the bone is not accept-
able [Terrier, 2012].
The results on Figure 3.3 show the octahedral shear distribution expressed
in percentage. All the parts that surpass the 1% limit of octahedral shear are
red coloured.
(a) Legend (b) Salto model (c) Mobility model
Figure 3.3: Octahedral shear strain of the tibia in the sagittal plane
(a) Legend (b) Salto model (c) Mobility model
Figure 3.4: Octahedral shear strain of the talus
As some of the parts in the mobility case surpassed also the 3% limit of
octahedral shear, another plot has been obtained showing the zones with a
greater octahedral shear than 3% (Figure 3.5).
The octahedral shear strain results show that the Salto model leads to a
lower deformation of the bone than the Mobility model. Referring to the tibia
bone, in the Figures 3.3b and 3.3c it can be observed that the portion of the
bone suffering from a strain higher than 1% is more extended for the Mobility,
furthermore, this geometry of prosthesis leads to values up to 4.1% of bone
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(a) Legend (b) Sagittal plane view (c) Keel view
Figure 3.5: Octahedral shear strain of the tibia wearing a mobility model for
3% limit
strain whereas the highest value for the Salto model is 1.5%. Also, the critical
values for the Mobility appear around the half upper part of its keel getting
higher on the top of it while for the Salto the higher concentrations appear in
the borders of the prosthetic part.
Paying attention to the talus bone, the cylindrical geometry from Salto leads
also to a lower strain than the inverse triangle geometry from Mobility. In the
first case the strain values do not surpass the limit of 1% while for the second
case de maximal value obtained is 2% (Figures 3.4b and 3.4c).
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3.2 Stairs ascent movement
3.2.1 Forces
During the fraction of the movement performed the forces in the tibia bone and
the muscle were obtained (Figure 3.6).
Figure 3.6: Forces in the tibia bone and the muscle during stairs ascent
3.2.2 Strain
The distribution of octahedral shear strain is the one showed in the Figure 3.7,
the values that surpass the 0.4% of strain are displayed in red colour. No values
where higher than 1%. As more vertical the position of the leg is, higher is the
bone strain. Nonetheless, all the values are under the limit of the 1% being the
highest strain of 0.45% which appears in the tibia bone. It can also be observed
that the highest concentration of deformation appears in the contact with the
frontal border of the prosthetic part.
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(a) Legend (b) Tibia bone
(c) Talus bone
Figure 3.7: Octahedral shear strain in three sequences of the movement
Chapter 4
Discussion
The objective of this project was to assess the success of TAR by creating a
finite element model of the ankle and paying attention mostly to the bone strain
results. Finite element models have been created and have been submitted under
different loading conditions. In the following sections the results obtained are
discussed and contrasted and there is also a critical retrospective of the methods
followed.
4.1 Bone strain
A permanent damage of the bone would occur if the octahedral shear strain of
the bone surpasses the 1% . From the results obtained it can be concluded that,
focusing on the first part of the project, the horizontal keel of the Salto has a
better behaviour because it allows a more uniform distribution of the tension
than the Mobility model. It is important to precise that, as it has been said
previously, the geometry used for the mobility model has been drafted trying
to imitate the geometry of it. This can carry inaccuracy and may affect the
results. Then, for the second part, during the phase of the movement performed
the deformation that suffers the bone does not entail a permanent damage in
any of the sequences. In both parts of the project, most of the critical values of
strain appear in the borders of the prosthetic parts. This fact may be caused
for the conditions imposed between the prosthetic elements and the bone.
Comparing both parts of the project, at first sight the pure axial load seems
to be a more demanding task. In both cases the tibia is subjected to the same
magnitude of force on its axis direction being 3000N for the axial case and
changing between 2900N and 3000N for the movement case. But even so this
similarities between both of the models the maximal strain that appears in the
axial case is more than 3 times greater than for the ascent of stairs case. As
it is explained in the next section, it may be caused by the density assigned in
each of the bones.
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4.2 Bone density
To represent inhomogeneous properties for the bone the power law of Keller was
used [Keller, 1994]. In the bones for the pure axial load this work was already
done in previous studies but for the climbing stairs case first the CT-Scan images
were scaled using the European spine phantom. Once the CT-images were scaled
it was possible to get the young modulus depending on the hounsfield unit. In
the Figure 4.1 it can be clearly observed that the CTs did not have the same
scaling.
Figure 4.1: Young modulus depending on houndsfield unit of the CT-Scan im-
ages.
After the scaling, the young modulus obtained in both cases should not be
that much different. The Figure 4.2 show the assigned young modulus. There
is a huge distance between the trabecular bone properties obtained, being the
minimal value around 200MPa for the first case and 800MPa for the second. As
it was known posteriorly, the scaling of the CT-Scan images used in the first
case was done considering that the hounsfield unit value was equal to the density
because there were no phantoms available. Also it needs to be considered the
origin of the bones. The one for the first case was obtained from a living persons
whereas the other was from a cadaver which can have altered properties.
Consulting the literature the usual young modulus for the tibia trabecular
bone is averaged 635±386MPa ([Ding et al., 1997]) then the pure axial load case
has values that get closer to this mean. It can be that the scaling for the second
tibia was not done correctly, that the phantoms were not correct or that the
bone had a distortion of the properties because it was from a cadaver. Even so
the distance between the mean of trabecular bone and the second tibia case is
alarming.
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(a) Legend (b) Pure axial load (c) Climbing stairs
Figure 4.2: Young modulus (MPa) assigned following the Keller law
It is also interesting to have a look to other studies that present a different
equation to calculate the young modulus from the density [Carter & Hayes, 1977],
[Morgan et al., 2003] and [Zannoni et al., 1998]. Applying their equations the
values of young modulus differ a lot from the equation applied in the present
work ([Keller, 1994]), as it can be seen in the Figure 4.3.
4.3 Verification and validation
In order to verify the numerical model different meshes were tested. All them
had the same type of elements, only a different size was applied being the coars-
est mesh the one for Figure 3.1a and the finest the one applied in Figure 3.1f.
From one mesh to the other the results changed and after the forth mesh they
started to converge (Figure 3.2). As finer the mesh is better the mechanical
properties of the bone are distributed. Thus, the differences between the re-
sults may not be only caused by numerical issues but also by this imprecise
distribution of the properties. However, there should be achieved a compromise
between the accuracy and time spent for the simulation. Convergence is impor-
tant when working with finite elements but it does not mean that the simulation
was correct and represented the reality.
The bone strain results can not be compared directly to others studies be-
cause there are no previous works getting into this subject. There are some
papers that show contact pressure magnitudes on the flat surface of the pros-
thetic components for normal gait. Even so, it is not possible to compare the
distributions because of the conditions of the model build. From the results
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Figure 4.3: Young modulus depending on the density defined by different au-
thors.
gotten it is possible to compare the reaction force of the foot with the paper
of [Protopapadaki et al., 2007]. Overall the magnitude of the loads is similar
showing that the model is close to reality. However, the load in the model
is constant whereas the experimental results show a varying magnitude of the
reaction force.
4.4 Simplifications, limitations and future work.
Many assumptions were made in order to simplify the numerical model. Firstly,
the complexity of the ankle joint was only represented by the tibia and the
talus bones which interacted through the prosthetic components. Thus the
movement was only guided by the surface between the polyethylene and the talar
implant. In reality the ankle ligaments have an important role when guiding the
movement and, together with the muscles, they also give stability to the joint.
But for this model, being the first one of its type, no ligaments were included
so the stability was achieved thanks to the vertical load of the body that was
compressing the prosthetic elements and the muscle force.
An aspect that may be taken into consideration is that the bones used for
this project were chopped using virtual tools. Therefore, the cut is precise and
follows the exact geometry of the prosthetic component. Nevertheless, in real
life there are some limitations. To perform a TAR operation the first thing to be
done is to make an anterior longitudinal cut so that it is possible to see the zone
to be trimmed and to localise both malleolus. Then, a guide is placed parallel
to the tibia mechanical axis and it is regulated to achieve a good orientation in
the bottom part of the tibia. Then the size of the implant is choose and the
CHAPTER 4. DISCUSSION 43
trimming of the bone starts. All the cuts done are guided and for each one
a different tool should be used. Most of the tools are small saws and drills.
The surgeon has to check the mobility of the ankle in most of the stages of
the operation and act accordingly, thus the experience is an important point to
perform a TAR. In conclusion, the cut is far away to be as precise as the virtual
cut. Logically this fact may alter the results as long as it is not represented in
the models created.
Furthermore, all the anatomical points were projected to the sagittal plane to
get a two dimensional problem slightly affecting its real position. Also, elements
like the femur and the triceps surae were represented like 1D connectors what
may lead to wrong distribution of stresses and deformations. To improve this
aspect 2D and 3D elements should be included but this increases dramatically
the complexity of the model. The same thing happens with the tibia bone. For
this study only the distal part has been model with real bone properties while
the rest is a 1D connector and both parts are tied with a multipoint constraint.
That may also affect the propagation of the force into the bone.
Additionally, the boundary conditions imposed to the foot may affect its
elasticity. It has been simplified just including the talus and two points on
the floor and avoiding the existing interactions between the rest of the foot
bones. Consequently the correct anatomical behaviour of the talus can not be
simulated. It has been done like this so that only the phase of the movement
where the foot is flat to the floor is considered. This is another limitation of the
model because the instants where the ankle is under more critical conditions may
be when the foot impacts with the floor and in the end when it is “tiptoeing”
before the swing phase.
Moreover, paying attention to the prosthetic parts, the interaction between
the polyethylene and the talar implant should be improved to have a more
uniform pressure (Figure 4.4). It can be caused because what has been said
before about the ligaments role during the movement. If those are included in
the model the result should be a better contact between the both parts of the
prosthesis.
Finally the body weight is applied on the hip as a simplification but it should
be applied on the body centre of masses. This means that another connector
should be added in order to move as the body trunk and the body weight should
be applied there following the recommendations of [De Leva, 1996]. Also there
has not been considered any kind of acceleration, inertia or changing loads in
the movement performed.
So then, regarding all the limitations and simplifications mentioned, for
a future model of the ankle joint wearing a prosthesis, it would be impor-
tant to include the ligaments that guide the movement like the calcaneofibu-
lar and the tibiocalcaneal and maybe some others to limit the range of mo-
tion. There is literature that has already model this ligaments of the ankle
joint ([Corazza et al., 2003]). Then a more reliable movement with a better
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(a) Initial pressure (b) Final pressure
Figure 4.4: Pressure (not scaled) on the polyethylene part in the start (left) and
end (right) of the movement
contact between the prosthetic parts should result. The next step would to
perform the complete movement from the beginning where the foot starts the
contact with the floor and finish with the tiptoeing. To achieve this the con-
cept of the foot should be reconsidered and it can be interesting to model it
like a three segment foot ([Carson et al., 2001]) or a even with more segments
([Jenkyn & Nicol, 2007]). Probably other muscles would have ot be included
because they are interacting in some part of the movement. It would be also
interesting to perform other kind of movements like gait and squat but then
other muscles should be also included.
Chapter 5
Conclusion
The aim of this project was to develop a numerical model of the ankle joint able
to reproduce a movement with the purpose of getting the bone strain to assess
the success of TAR. A simplified model has been created performing a phase
of the ascension of stairs movement. Even so it is far from being a complete
model that can well represent all the facets of the complicate joint, a first step
has been achieved.
The results obtained for the movement simulated showed values of bone
deformation which do not have to cause a bone disease. Even so, the consider-
ations done for the mechanical properties applied to the bone have been deeply
discussed and a change on them may highly affect the results. Although those
details, an outcome of this study is that the geometry of the prosthesis has a
great effect on the bone strain values, being an horizontal keel geometry for the
tibia implant much more recommendable than a vertical keel. However, there
are many other problems that can turn the prosthesis to fail and that are not
directly involved with the prosthesis itself and not only the strain suffered by
the bone.
Assessing the success of TAR by evaluating the bone strain is a quite new
field of investigation and also the use of numerical modelling as the tool to
obtain it. To our knowledge this is the first time a musculoskeletal model of the
ankle has been used to sutdy bone strain distribution and prosthesis designs.
The problems and discussions encountered during the realisation of the work
have been reported in this thesis, this study is the result of a master project
willing that it serves to further investigations.
45
Bibliography
[Andriacchi et al., 1980] Andriacchi, T. P., Andersson, G. B. J., Fermier, R. W.,
Stern, D., & Galante, J. O. (1980). A study of lower-limb mechanics during
stair-climbing. Journal of Bone and Joint Surgery - Series A, 62(5), 749–757.
Cited By (since 1996): 268.
[Besse et al., 2011] Besse, J. ., Bevernage, B. D., & Leemrijse, T. (2011). Re-
vision of total ankle replacements. Techniques in Foot and Ankle Surgery,
10(4), 176–188.
[Branthwaite et al., 2012] Branthwaite, H., Pandyan, A., & Chockalingam, N.
(2012). Function of the triceps surae muscle group in low and high arched
feet: An exploratory study. The Foot, 22(2), 56 – 59.
[Bruening et al., 2012] Bruening, D. A., Cooney, K. M., & Buczek, F. L. (2012).
Analysis of a kinetic multi-segment foot model. part i: Model repeatability
and kinematic validity. Gait and Posture, 35(4), 529–534. Cited By (since
1996): 1.
[Carson et al., 2001] Carson, M. C., Harrington, M. E., Thompson, N.,
O’Connor, J. J., & Theologis, T. N. (2001). Kinematic analysis of a multi-
segment foot model for research and clinical applications: A repeatability
analysis. Journal of Biomechanics, 34(10), 1299–1307. Cited By (since 1996):
139.
[Carter & Hayes, 1977] Carter, D. & Hayes, W. (1977). The compressive behav-
ior of bone as a two-phase structure. The journal of bone and joint surgery,
59(7), 954–962.
[Cenni et al., 2012] Cenni, F., Leardini, A., Belvedere, C., Bugan, F., Cre-
monini, K., Miscione, M., & Giannini, S. (2012). Kinematics of the three
components of a total ankle replacement: In Vivo fluoroscopic analysis. Foot
Ankle Int, 33(4), 290–300.
[Coester et al., 2001] Coester, L. M., Saltzman, C. L., Leupold, J., & Pontarelli,
W. (2001). Long-term results following ankle arthrodesis for post-traumatic
arthritis. The Journal of Bone & Joint Surgery, 83(2), 219–219.
46
BIBLIOGRAPHY 47
[Corazza et al., 2003] Corazza, F., O’Connor, J. J., Leardini, A., & Castelli,
V. P. (2003). Ligament fibre recruitment and forces for the anterior drawer
test at the human ankle joint. Journal of Biomechanics, 36(3), 363–372. Cited
By (since 1996): 13.
[Costigan et al., 2002] Costigan, P. A., Deluzio, K. J., & Wyss, U. P. (2002).
Knee and hip kinetics during normal stair climbing. Gait and Posture, 16(1),
31–37. Cited By (since 1996): 95.
[Crevoisier X., 2006] Crevoisier X., Akiki A., B. N. (2006). Les prothses de
cheville: un dfi prometteur. Swiss Medical Forum = Forum Mdical Suisse,
6(5), 114–120.
[D.Beaulieu et al., 2008] D.Beaulieu, F. G., Pelland, L., & Robertson, D. G. E.
(2008). Kinetic analysis of forwards and backwards stair descent. Gait and
Posture, 27(4), 564–571. Cited By (since 1996): 6.
[De Asla et al., 2009] De Asla, R. J., Koznek, M., Wan, L., Rubash, H. E., &
Li, G. (2009). Function of anterior talofibular and calcaneofibular ligaments
during in-vivo motion of the ankle joint complex. Journal of Orthopaedic
Surgery and Research, 4(1). Cited By (since 1996): 6.
[De Leva, 1996] De Leva, P. (1996). Adjustments to zatsiorsky-seluyanov’s seg-
ment inertia parameters. Journal of Biomechanics, 29(9), 1223–1230. Cited
By (since 1996): 571.
[Ding et al., 1997] Ding, M., Dalstra, M., Danielsen, C. C., Kabel, J., Hvid, I.,
& Linde, F. (1997). Age variations in the properties of human tibial trabecular
bone. Journal of Bone and Joint Surgery - Series B, 79(6), 995–1002. Cited
By (since 1996): 84.
[Dixon et al., 2012] Dixon, P. C., Bhm, H., & Dderlein, L. (2012). Ankle and
midfoot kinetics during normal gait: A multi-segment approach. Journal of
Biomechanics, 45(6), 1011–1016.
[Doets & Zu¨rcher, 2010] Doets, H. & Zu¨rcher, A. (2010). Salvage arthrodesis
for failed total ankle arthroplasty. Acta orthopaedica, (pp. 142–147).
[Espinosa et al., 2010] Espinosa, N., Walti, M., Favre, P., & Snedeker, J. G.
(2010). Misalignment of total ankle components can induce high joint contact
pressures. Journal of Bone and Joint Surgery - Series A, 92(5), 1179–1187.
Cited By (since 1996): 28.
[Guerdat, 2012] Guerdat, J. (2012). Influence of mobile-bearing position on
bone strain and primary stability after total ankle replacement: an in vitro
study. Master’s thesis, EPFL, LBO, Laboratory of biomedical orthopedics.
[Henricson et al., 2011] Henricson, A., Nilsson, J. ., & Carlsson, . (2011). 10-
year survival of total ankle arthroplasties: A report on 780 cases from the
swedish ankle register. Acta Orthopaedica, 82(6), 655–659. Cited By (since
1996): 5.
BIBLIOGRAPHY 48
[Jackson & Singh, 2003] Jackson, M. P. & Singh, D. (2003). Total ankle re-
placement. Current Orthopaedics, 17(4), 292–298. Cited By (since 1996):
5.
[Jenkyn & Nicol, 2007] Jenkyn, T. R. & Nicol, A. C. (2007). A multi-segment
kinematic model of the foot with a novel definition of forefoot motion for
use in clinical gait analysis during walking. Journal of Biomechanics, 40(14),
3271–3278. Cited By (since 1996): 37.
[Keller, 1994] Keller, T. S. (1994). Predicting the compressive mechanical be-
havior of bone. Journal of Biomechanics, 27(9), 1159–1168. Cited By (since
1996): 218.
[Leardini & Moschella, 2002] Leardini, A. & Moschella, D. (2002). Dynamic
simulation of the natural and replaced human ankle joint. Medical and Bi-
ological Engineering and Computing, 40(2), 193–199. Cited By (since 1996):
20.
[Mann et al., 2011] Mann, J., Mann, R., & Horton, E. (2011). Star ankle: long-
term results. Foot Ankle Int, 32(5).
[Massaras, 2012] Massaras, A. (2012). A numerical model of an ankle prosthesis
to predict bone strain during physiological loading. Master’s thesis, EPFL,
LBO, Laboratory of biomedical orthopedics.
[Morgan et al., 2003] Morgan, E. F., Bayraktar, H. H., & Keaveny, T. M.
(2003). Trabecular bone modulus-density relationships depend on anatomic
site. Journal of Biomechanics, 36(7), 897–904. Cited By (since 1996): 217.
[Parvex, 2012] Parvex, V. (2012). A numerical model of the ankle to analyze
joint prosthesis. Master’s thesis, EPFL, LBO, Laboratory of biomedical or-
thopedics.
[Protopapadaki et al., 2007] Protopapadaki, A., Drechsler, W. I., Cramp,
M. C., Coutts, F. J., & Scott, O. M. (2007). Hip, knee, ankle kinematics
and kinetics during stair ascent and descent in healthy young individuals.
Clinical Biomechanics, 22(2), 203–210. Cited By (since 1996): 60.
[Reggiani et al., 2006] Reggiani, B., Leardini, A., Corazza, F., & Taylor, M.
(2006). Finite element analysis of a total ankle replacement during the stance
phase of gait. Journal of Biomechanics, 39(8), 1435–1443. Cited By (since
1996): 24.
[Riener et al., 2002] Riener, R., Rabuffetti, M., & Frigo, C. (2002). Stair ascent
and descent at different inclinations. Gait and Posture, 15(1), 32–44. Cited
By (since 1996): 151.
[Spyrou & Aravas, 2012] Spyrou, L. A. & Aravas, N. (2012). Muscle-driven
finite element simulation of human foot movements. Computer methods in
biomechanics and biomedical engineering, 15(9), 925–934.
BIBLIOGRAPHY 49
[Stagni et al., 2004] Stagni, R., Leardini, A., & Ensini, A. (2004). Ligament
fibre recruitment at the human ankle joint complex in passive flexion. Journal
of Biomechanics, 37(12), 1823–1829. Cited By (since 1996): 9.
[Stengel et al., 2005] Stengel, D., Bauwens, K., Ekkernkamp, A., & Cramer, J.
(2005). Efficacy of total ankle replacement with meniscal-bearing devices: a
systematic review and meta-analysis. Archives of Orthopaedic and Trauma
Surgery, 125(2), 109–119.
[Terrier, 2012] Terrier, A. (2012). Personal communication.
[Vickerstaff et al., 2007] Vickerstaff, J. A., Miles, A. W., & Cunningham, J. L.
(2007). A brief history of total ankle replacement and a review of the current
status. Medical Engineering and Physics, 29(10), 1056–1064. Cited By (since
1996): 20.
[Zannoni et al., 1998] Zannoni, C., Mantovani, R., & Viceconti, M. (1998). Ma-
terial properties assignment to finite element models of bone structures: A
new method. Medical Engineering and Physics, 20(10), 735–740. Cited By
(since 1996): 103.
